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Fluorescent probe based detection methods for metal ions

are indispensable tools in many fields, including medical

diagnostics, environmental monitoring, living cell studies,

and electronics. These methods have multiple advantages

over other methods, such as high sensitivity, low cost, ease

of application, and versatility.1 Numerous fluorescent metal

ion probes have been designed using many strategies, includ-

ing fluorogenic metal chelators, fluorescent dye tagged oligo-

nucleotides, catalytic signal amplification, and chemodosi-

metors.1,2 Fluorogenic metal chelators, which consist of a

fluorogenic unit (signaling site) covalently linked to chelat-

ing moieties (receptor units) with an appropriate spacer, are

a general type metal ion probe. The recognition of chelating

moieties with metal ions induces a change in the photo-

physical properties of the fluorescent probe. This is convert-

ed into an optical signal expressed as an enhancement or

quenching of the fluorophore emission. The recognition can

be enhanced to utilize additive reagents that provide addi-

tional binding sites for metal ions.3 For example, 8-amino-

quinolino-β-cyclodextrin, developed by Liu et al., exhibited

cooperative binding to Zn2+ ion with 1-adamatanoic acid. It

also detected Zn2+ ions more efficiently than without 1-

adamatanoic acid because 1-adamatanoic acid bound to β-

cyclodextrin to provide additional binding site for Zn2+

ions.3a This strategy can easily expand to improve the optical

properties of metal ion sensors with two metal binding sites.

Di-metal complexes may include bridging substrates to com-

plete the metal coordination sphere, and bridging substrates

can modulate the properties of the resulting cascade com-

plexes.4 In particular, bridging substrates provided additional

metal ion binding sites and enhanced the binding properties

of metal ions to metal ion ligands.5 

Various fluorescent molecules with two metal binding

sites have been synthesized as efficient probes for detecting

metal ions, such as Zn2+ and Ag+.6 Scaffolds of di-metalic

fluoregenic probes have also been devised to detect anions.7

Most of these molecules can be used as metal ion probes.

The optical properties of these molecules can be improved

by bridging substrates, which provide additional metal ion

binding sites. To validate this concept, (9,10-bis[(2,2-dipi-

colylamino)methyl]anthracene)2+ (1) was adapted as a Zn2+

ion probe because [Zn2(1)]
4+ efficiently detects phosphate

derivatives as potential bridging substrates to provide addi-

tional metal binding sites.8 In various phosphate derivatives,

ATP was adapted as a bridging substrate to provide addi-

tional metal binding sites because [Zn2(1)]
4+ fluorescence is

most enhanced by binding with ATP.8 Therefore, a combi-

nation of 1 and ATP (1/ATP) was prepared as a Zn2+ fluore-

scent probe. The optical properties of 1/ATP, compared to

those of 1, can be improved by providing additional binding

sites for metal ions using ATP, as depicted in Scheme 1.

To determine the optimal ratio of 1 and ATP, fluorescence

titration of ATP was conducted using a 5 μM solution of 1

with 2 equivalents of Zn2+ ions. The fluorescence emission

spectra of [Zn2(1)]
4+ in the presence of varied ATP concen-

trations were evaluated. [Zn2(1)]
4+ fluorescence increased

nearly proportionally to ATP concentration and was maxi-

mized at one equivalent of ATP (see Supporting information).

A sensing system (1/ATP) consiting of 1 (5 μM) and ATP (5

μM) was prepared to evaluate the cooperative binding effect

of the bridging substrate by providing additional binding

sites for Zn2+ ions. Fluorescence changes of 1/ATP in the

presence of various concentrations of Zn2+ were examined.

The addition of Zn2+ ions induced greatly enhanced fluore-

scence. The binding zinc ions within the bis-(2-picolyl)amine

in 1 prevents the photo induced electron transfer process

Scheme 1. Schematic illustration of Zn2+ sensing system using
bridging substrate.
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from tertiary amine to anthrancene, which induced the en-

hancement of fluorescence.9 In the presence of 10 μM of

Zn2+ ions, the fluorescence intensity of the mixture was 3.5

times larger than the fluorescence intensity of 1 alone, as

shown in Figure 1. Titration results were used to estimate the

Zn2+ detection limits of the new sensing system and 1 alone

as 4.5 μM and 15.6 μM, respectively (see Supporting Infor-

mation). These results implied that ATP enhanced the bind-

ing affinity of 1 to Zn2+ by providing cooperative binding

sites, which resulted in improved sensitivity of 1 in detecting

Zn2+ ions.

ATP also enhanced the selectivity of 1 toward Zn2+ ion

over other metal ions, including Cd2+. To evaluate the role of

ATP in the Zn2+ selectivity of the sensing system, fluore-

scence changes in 1 caused by other metal ions were mea-

sured in the presence or absence of ATP, as shown in Figure

2. The sensing system gave a negative response to other

metal ions and a positive response to Cd2+ ion in both cases.

However, the selectivity of 1 for Zn2+ over Cd2+ in the

presence of ATP was 4.3 times higher than in the absence of

ATP. This result showed that ATP enhances the selectivity of

1 for Zn2+ over other metal ions by providing selective

binding sites for Zn2+. This implies that the selectivity of

metal ion probes with two metal binding sites can be modu-

lated by a bridging substrate.

In general, pH plays a crucial role in anion recognition

because anions may become protonated or deprotonared in

certain pH windows. Therefore, pH values may affect the

efficiency of ATP on the Zn2+ sensing ability of 1. The effect

of pH on the Zn2+ sensing ability of 1 in the presence of ATP

was studied in a pH range of 5.0-9.0. As shown in Figure 3,

the efficiency of ATP on the Zn2+ sensing is not sensitive to

the pH values of assay mediums.

In conclusion, we developed a new strategy for improving

Figure 1. (a) Fluorescence emission spectra obtained by adding
Zn2+ (0-40 µM) to pH 7.0 buffer solution (10 mM HEPES,
H2O:THF = 3:1) containing 1 (5 µM) with ATP (5 µM). Inset:
without ATP. (b) Plot of normalized fluorescence intensities of 1
with ATP ( ) and without ATP ( ) at 435 nm.■ ●

Figure 2. (a) Fluorescence spectra of 1 (5 µM) with ATP (5 µM) in
the presence of various metal ions (10 µM). Inset: without ATP. (b)
Plot of normalized fluorescence intensities of 1 with ATP (black)
and without ATP (red) at 435 nm versus metal ions.

Figure 3. Fluorescence intensity of 1 (5 µM) with ATP (5 µM) at
435 nm in the presence and absence of Zn2+ (10 µM) at various pH
values.
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the sensing properties of fluoregenic molecules with two

metal binding sites as metal ion sensors by using a bridging

substrate. To validate this strategy, we evaluated various

sensing properties of 1 for Zn2+ ion in the presence and

absence of ATP. The sensitivity and selectivity of 1 toward

Zn2+ were improved by providing additional binding sites

via incorporating ATP as a bridging substrate. This approach

might be applicable for improving other fluorogenic sensing

systems.
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